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ABSTRACT

Lunar materials and derivatives such aS glass may possess very high

tensile strengths compared to equivalent materials on Earth because of the

absence of hydrolytic weakening processes on the ?Ioon and in the hard vacuum

of free apace . Hydrolyzation of Si-O bonds at crack tips or dislocations

reduces the s’.rength of ailicatea by about an order of magnitude in Earth

environments . However, lunar m~terials are extremely anhydrous and hydrolytic

weakening will. be suppressed in free space. Ihue , the geomechanical proper-

ties of the Hoon and engineering propertlea of lunar allicate materials in

space environments will be very different than equivalent. materiala under

lZar\h conditions where the ●ction of water cannot be conveniently avoided.

Possible substitution of lunar glass for structural metals in ● variety of

space engineering applications enhances the economic utilization of the Moon.



INTRODUCTION

The subjert cf Lhis paper is the effects of the environmental conditions

of the noon and free space on the mechanical properties of lunar rocks and

materials derived from them. The thesis of the paper is that mechanical

properties of silicate materi;l%’ are very different In the anhydroks, hard

vacuum conditions of space compared to karth due to the virtual abserco of

hydrolytic weakening processes there. We bel’

this realization will be very important in the

measurements to investlgnte the structure of

lunar materials for conutructlon of a lunar

industrialization and habitation.

eve that the implications of

interpretation of geophysical

Lhe Hoon, in exploitation of

base, and in eventual tapacc

After documenting what is currently known about these environmental

effects, we concentrate in thi6 paper on the implications of ‘“anhydrous
.

strengthening” of an easily formed structural material derived from lunhr

regolith, namely lunar glass. Althouch Lhe potential importance 0[ lunar-

derived glae~ haB been known for Borne time (Phinney et al., 1977!, +he full

Implication of the potentially very great strength of lunar gla~o in the

vacuum environment ●re not widely realized. In dcitailing nome applications of

lunar glass ~tructural component-, we have in mind a philosophy that requires

maximal utilization of c -n lunar materisls with minimal proceuainR before—.

●nd use. It has become clear that large-scale axploitat!on of apace is

limited by the coot of Earth-lift of materials. Therefore, it is e06ientlal

that ●very ponsible mean- be taken to utilizo Indigenous matariala from the

Moon ●nd, ●venturnlly, the ●rteroidr. In doing -o, w. should not fight the

~ a&g environmental condltlonn (e.g. low gravity, vaciium), trying to wedge
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Earth-derived processes into conditions for which they are not ●dapted;

rather, we should ●ttempt to take advantage of what we ●re given in new ways.

It is in this sense that we believe that lunar glass can play A central role

in easing our full-scale entry into the new frontier of space.

HYDROLYTICWEAKENINGPROCESSES IN SILICATES

It has been known for some time that the fracture strength of brittle

amorphous and crystalline aillcates 1s determined In Earth environments by the

damage state of surfaces and, most especially, the corrosive action of water

in extending microcracks (Charles, 1958; Scholz, 1972). For example, the

moisture sensitivity of glass is well known. Merely touching frechly-formed

glass rodt will draatlcally reduce their Lenaile mtrengths, and less than one

percent of the t},eoretical tensile strength of glass is normally realized in

industrial practice (LaCourse, 1972). Similarly, the plaotlc strengths of

crystalline silicates (e.g. quartz and olivine) at elevated temperatures and

pressures are strongly ●ffected because trace amounts of water aid dlalocation

motion (GrIggn, 1965; Blacic, 1972). In both instanceo, the weakening mecha-

nism Is believed to Involve the 5ydrolyzatlon of S!-0 bonds (Criggs, 1967;

Blacic ●nd Chrimtle, 1984; Charles, 1959; Hichalske and Freiman, 1982). A

schematic repreaentatlon of one proposed mechaniem la ohown in Figure 1

(Blacic und Chrl#tle, 1984). The great inherent strength of allicatmm ia due

to the strength of the network-fomlng silicon-oxygen bonds. Hwover, it

appear- that the polar water molecule cm ●asily hydrolyze the-e linking

brldg~s by replacing the strong S1-0 bond with ●n order of magnltuda weakar

hydrogen-bonded brldue, This hydrolyzatlon can occur along dislocations,
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thereby increasing the mobility of dislocation kinks, or at highly stressed

microcrack tips resulting in a lower applied stress to propagate the cracks.

In both cases, the net result is a larLe weakening of the material when even

very small amounts of water are present.

Wha’ever its detailed nature, the hydrolytic weakening mechanism ia

demonstrably a thermally activated rate process. Thus , the time- and

temperature-dependent mechanical properties of silicates (brittle

creep, static fatigue, subcritical crack growth) are dominated

effectB (Charles, 1958; Scholz, 1972; Blacic and Christie, 1984).

and plaatic

by moisture

As might be

expected, these hydrolytic weakening procesocb are an Important factor in such

diverse areaa as solid earth mechanics, geotechnoloby (drilling and mining),
.

materials science (glas* and ceramic technology), communications (fiber

optlca), national defense (high energy laner opticc), and others---since, on

Earth, st is practically impossible to avoid the presence of some water in the

fabrication or use of materials be they natural or synthetic. However, tha

case may be much different on the Iloon and in free apace.

ANHYDROUSSTRENGTHENINGON TtlK HoON?

Although there is still hope that we may find some water preserved in the

permanently “shaded regions of the lunar poles (Arnold, 1979), a striking

feature of ●ll lunar materlala examined so far la their almoak total lack of

water (Handbook Q1’ Lunsr Haterlaln, 1980) , The very small amount of water

that is observed to evolve from heated Iunnr sampleo 10 likely due to olther

oxidation of solar wind-implanted hydrogen [prenent ●t ●bout the 100ppm level

(Handbook of Lunar Haterlula, 1980)] or lC the renult of Earth conten,lnatlon



(Carrier et al. , 1973). There is no unequivocal evidence of native water in

any lunar sample returned to date. This fact auggestg that in the hard vacuum

of space silicaterr derived from the Moon will not, if we can avoid con-

taminating them, exhibit the water-induced weakening that is so ubiquitous on

Rarth. In other words, lunar silicstes may possess very high strengths due to

an “anhydrous strengthenir~g” effect relative to our cormnon experience on

Earth. This possibility has numerous implications for space industrialization,

some of which are explored below.

There iv some supporting laboratory evidence for the anhyrlrous strengthen-

ing phenomenon in lunar or lur,ar--simulant materials. The compressive strength

of a mare- like simulant rock (basaltic intrusiwe) has been shown to increase

by about a factor of two when samples are degassed and tested in a moderate

laboratory vacuum compared to tesks in 100% humid air (Flizutanl et al.,

1977). Subcritical crack velocity measurements in a lunar analogue glasci

demonstrate many orders of magnitude rcducL1on in crack velocity with decreas-

ing partial pressure of water (Soga et al., 1979). This ouggests that static

fatigue processes will be strongly suppressed or ●bsent In lunar materiels in

a vacuum environment. Several investigaturu have found that very small
.

amounts of watar otrongly nffoct the .dlse~patlon of vibratory energy (Q--l)

in lunar and terrestrial rocks (Fsndlt ●nd Iozer, 1970; Tittmann et ●l.,
I .,. .,.-.,., ,,... .,,.,..- - ,?--,--- ,..-,’””’”””’

1980) . The-e ●ttenuation mechanisms are likely the result of the hydrolyza-

tlon of crack surfaces with consequent ruduction of surface energy in a manner

sim!.lar to Figure 1. The soil mechanics propertlae of Apollo -amplen and

cimulantc have been -hewn to bc strongly ●ffected by ●tmospheric moisture

contamirrantu iti moderate And ultra high vacuum experiments (Carrlor et ●l.,
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1973; Johnson at al., 1973). These latter results suggest that well-

consolidated lunar regolith may be substantially stronger than similar

materials on Earth with important implications for energy requirements For

handling of lunar ❑aterials.

There are many ●dditional examples, too numerous to document here, of

research on the effects of water on the mechanical properties of terrestrial

silicate materials. The main conclusion to bc gained from all th~s work is

Lhat water, even in trace amounts, is all important in explaining the great

reduction in strength of silicates. However, in order to

tive estimate of the pousible

to their Earth counterparts,

increase In strength of lunar

it is instructive to examine

get some qutintits-- m

materials relative

in some detail the

elegant results of F. H. Ernsbergnr (1969) on glass.

In Ernaberger’s experiments, etched glass rods are heated and deformed to

produce entrapped bubbles in the form of oblate spheroids. The bubbles con-

centrate stress at Lhe point of maximum curvature of the bubble-glass inter-

face in a calculable way. In addition, if care ia taken, failure always

o:curtiat the flaw-free bubble surface where the atmosphere is constant and

relatively anhydrous. Using this technique, Ernsberger was the first to

●chieve controlled compressive failure of glasc by whear fracture or densifi-

cation. Scatter in tensile strength measurements was reduced compared to

normal toot meth~ds; results are shown in Figure 2 for soda-lirm glass. The

temperature dependence of strength shown in Figuro 2 is believed to be due to

aolld-state diffusion of weakening elements to the stress concentration,

possibly sodium but more likely rasldual water diesolved in the glass. At

reduced temperatures, the weakening element Ls lnsnobilized. ●nd strength
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increases. The important aspect of this work, confirmed by other investi–

gators for other glass compositions, is that the strength is about an order of

magnitude higher in an anhydrous environment than it is for the same glass

tested in a normal humidity atmosphere. This gives some idea of what might be

expected for a lunar glass used in vacuum, although it probably represents

only a minimum strength estimate because of the extremely anhydrous nature of

lunar materials and the hard vacuum of space.

SOME PoSSIl?LE APPLICATIONS

Table 1 compares the mechanical properties of some structural metals

likely to be produced from lunar regolith with estimates for lunar glass.

Common soda-lime glass under Earth conditions is alsc listed for comparison.

The range of tensile strength estimated for lunar glasa ia believed to be

conservative, as diacusEed above, but even if only the low end of the range

can be achieved, then one can see that lunar glasa is v--y competitive with--if

not superior to--the metals obtainable from lunar materials with considerably

mere processing effort.

How can lunar glaae be utilized? One obvloua way is in the form of glass

fibers in tensile stress situatlona. Although lunar glass will be very

strong, it will atlll be ● very brittle material ●nd therefore it makes sense

to distribute the load over many small elements whenever possible. Thus ,

lunar glass fiber clothe (Crlswell, 1977) and multiply-otranded cords and

cables should see wide cpplicatlon in ● lunar bane ●nd large rpace structures

such an molar power satellites (SPS). However, we believe thst lunar glass

flbera ohould ●lwayo be coated with a metal such as Fe, Al, or ?lg to protect
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the glass from inadvertent or purposeful exposure to water vapor. Otherwise,

a highly stressed glass component might fail catastrophically due to water-

induced stress corrosion. %he metal coating could easily be incorporated into

the production process and would also serve the desirable purpose of protect-

ing the fibers from mechanical damage during production handling or use. This

is conmonly done in terrestrial fiber glass production in the form of organic

sizing coatings.

Figure 3 schematically shows the elements we believe will be required in

a lunar or space-bused glass fiber production plant. We have assumed that

sufficient electrical energy will be availsble [alternatively, direct solar

melting could be used (Ho and Sobon, 1979)] and that there will be at least

some minimal beneficiation of the feed stock. We believe that no lunar or

space-based processing plant nhould be without some means of capturing the

rare ‘but highly valuable volatile elements in the lunar regolith. We also

suggest in the figure that the relatively new Pochet-type furnace (1.oewcnstein,

1973) be investigated for use in lunar glass production because of the

advantage it would seem to have in weight over traditional furnaces.

For applications requiring flexural, compressive, or mixed loadings such

an for bulkheadb in a habitat or beams and columns in an SP~, fiber glass

composites would be advantageous. Of the many types of composite materials

seeing increasing terrestrial usage, two would be especially attractive for

bpace sppllcations: metal matrix and ceramic matrix compoaltea. Gaa-tight

metal matrix composites such ma graphite-aluminum are now widely used in

aeroopace application. If we follow our philo~ophy of minlm~l proceoning of

lunar materiala before end use, then lunar glass fiber (LG)-Fe matrix
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composites ehould be developed mince native iron will be ●vailable from

regolith beneficiation for fiber coating in any case. T$e lunar vacuum uould

make the diffusion bonding and liquid metal infiltration techniques (Davir ●nd

Brad6treeL, 1970) of composite production advantageous. We believe that thin

lunir glaos-metal matri~ composite would be very useful in lunar-base habitat

construction. If a lighter weight composite in wanted, for example for SPS

application, then silica fiber-Ffg componiten could be produced when a more

sophisticated processing capability becomeo av~il~ble.

Ceramic matrix composites offer some special advantages in certain

applications. Large space structures such as antennao and support structures

of an SPS sre sensitive to the potentially large thermal strs!ns ●ssociated

with periodic eclipses, Table 2 lists thermal expansion coeff1cient6i For some

structural makerlals. Note that glass generally has lower thermal expansivity

tkan common structural metals and also that some compositions derivahie from

●bundant lunar materials (e.g. titanium silicate glass) exhibit exLPemely 10U

thermal expansion. If one wer~ willing to Import From Earth small amounts of

graphite fiber (which has ● negative thermal expansivity), then composites

having zero thermal expnnsion could be produced (61rOWniIIg, 1982) . Ceramic

matrix composlter exhibit one other desirable property. If the reinforcement

fibers do not chemically bond to the “ramic ❑atrix but instead ●re held

dominantly by frictional forces, then the composite exhibits ●n anhanced

ductility ●nd residual strenzth beyond the yield point to relatively large

strains ●nd is notch insensitive in m ❑ anner similar to metals (Evans, 1984).

Thus, w envlslon ● compomite In which Pm coated W fibers ●re lmbedded in ●

lunar glares matrix. Such a ■aterial ❑ay have very desirable structural
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procea~ing.

Finally, we would like to support

mater lalfi with the leas~ amount of

the suggestion of Rowley and Neudecker

(1984) that lunar habitats be formed by melting in-place glass-lined tunnels

using the SUBTliRRENE (perhaps in the present context betLer termed “SUBSELENE’*)

technology. If the gluss-lined tunnels were sputter coated with a metal to

protect the glas6 from water vapor and if the LG fiber composites were used
m*

fbr bulkheads, etc., then extensive lunar habitats with more than adequate

radiation shielding from the largest solar flare storms could be produced from

100% lunar materials. No doubt engineers and architects will find many more

usen than we have thought of for a light-weight structural material with

several hundred thousand psi tensile tatrength.

RESEARCHNEEDS

Host of what we have advocated concerning Lhe possible high strength of

lunar materials In hard vacuum environments has been based on research of

terrestrial siiicatea under terrestrial or ut L.*-;: poorly simulated npace

condltiona. Ultimately, our contentions must be proved at full-ucale ualng

actual luna.. materialg under ~ ~ conditions. A lunar-baned materials

tooting laboratory would seem necessary for this and should be an early, high

priority lunar-bane facility. Until reoccupation of the Moon, howevor, much

can be learned and perhaps our basic contentions proved by experlmenta ualng

lunar aimulanta formed ●nd tested under ultra high vacuum laboratory conditions

on Earth. Thin appromch would seem \nltially preferable to LEO shuttle
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axperimentn because of the relatively poor vacuum environment of the shuttle

resultlng from the normally low orbits achieved and, perhupn more importantly,

outgwssing of the vehicle itself. Perhapb the froc flying or tethered experi-

mental platforms proposed in conjunction with the spsce station will improve

this situa’ ion and will be needed to evaluate tho affects of extended exposure

to radiation and mlrrometeoroid fluxes, but for now ultra high vacuum exparl-

❑ents in Earth laboratories ●ppear most appropriate. Host urgently needed ●re

basic mechanical properties such as ten~lle and compressive strengths, fracture

tou&hness, and thermal properties, With Lhese results in hand, investigation

of potential composite materials can proceed followed by bench top and proto-.

type cngincerinz of the manufacturing fsclliLies that wI1l be required. Also,

resenrch ●nd evaluation of thu “SUllSRLltNli’” appronch to lunar hsbitat ftirmtlon

should proceed because of the advantages lt would seem to have over Imported

utructuros.

SURHARY

Although the apparent absence of water on the lunar surface causes diffi-

culties for many of tho thlnzs we would like to do on the Hoon, in one re~pect

at lea-t it may be ● blen-in6. It mppoars that the anhydrous, hard vacuum

environment and the inherently dry n~ture of lunar regollth materials down to

the ppb level make pomsible the une of lunar glass for structural applications

that would be lmpoc~lble on Earth. In view of the fact that the Inltlal cost

of large-ccnle indumtrlallzatlon and ucientiflc ●xploitation of tha spaca

environment is dominated by Barth-llft requlrementn, tho posmlblo ●xten~iwo

una of lunar glass structural materlal~ in ● wide variety of applications



ofinre prom18e of very large oavingn in Earth export expennes ●nd thereby

enhances the oconomicn of utillzing the Hoon. From ● purely scientific point

of View, it is llkely that the anhydrous strengthoninz phenomenon will have

numerous implications for a wide range of geological ●nd other scientific.’

investigations on the noon in which mechanical properties play an Important

role.
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Table 1. Hechaaical Properties of Lunar-Derived Haterials.

= . .
.. . .- rl.

“6
-..

(CP111O psi) . (GPa/106psi) (GPs/106psi)
6

(CPa/10 psi)

ALL%IMUH 0.17/0.02 2.7 70/10.2 0.C610.009 25.913.?6

RAGHESILM 0.20/0.03 1.7 45/ 6.5 0.12/0.017 26.513.84

Iuou 0.28/0.04 7.9 19b/28.4 0.0410.00G 24.8/3.60

TITANIUM 2.3 /0.33 4.b 119/17.3 0.5010.073 25.9/3.76

ALLdY STEEL 2.3 /0.33 8.2 32/ 4.6 0.28/0.041 3.9/0.57

SODA-LIHE CUSS
(EARTH EMVISW?IEMYI o.07fo.ol 2.5 66. 9.9 0.03/0.004 27.213.95

LUNAS GLASS

(SPACE ENVI~) o.olfo.ol-3.o/o.44 2.8 100/14.5 ? 0.25/0.036-1.07/0.155 . 35.7/5.19 ?
or greater? ,/”

T = ultimate tensile strength,

9 = spec:fic grmity.
E = YOUL16’S modulus.
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Table 2. Thermal Expansion.

CONNING #7911
TITANIUtl S1l.lCATlt Cl.ASS-

AL/L (lo-b-c-l)
—-. ..— —. —...-..-

24.0

25.0

8.5

12.0

12.0

1.2

4,8

0.03



FIGURli CAPTIONS

Figure 1. Schematic reprenentalion of the Si-O bond hydrolyzatlon reaction.

Figure 2. Tensiic ntrength of Kimblc R6 soda-lime glasn in a relatively

anhydroua environment as a function of temperature (Ernsbarger,

1969 )

Figure 3. Elements of s luna:-ba~e glaaa fiber and gas ‘ecovery plant.
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~ Batch charging: magnetically-
separated Iunarregoiith

~ Pochet-type furnace

@ Liquid helium cryosorption pump

@ Gas separation and storage
(H2, N2, C, He, Ar, S)

@ Forehearth

@ Bushing: Fiber formation

@ Metal coat~g evaporator

@ Strand formation

@ Winding Strand takew








